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The effect of light on succinate dehydrogenase (SDH) activity and mRNA content was studied in
Arabidopsis thaliana plants. The transition from darkness to light caused a short transient increase
in the SDH activity followed by a decrease to a half of the original activity. The white or red light
were found to be down-regulating factors for the mRNA content of the sdh1-2 and sdh2-3 genes
and SDH catalytic activity both in A. thaliana wild-type plants and in the mutant deﬁcient in the
phytochrome B gene, but not in the mutant deﬁcient in the phytochrome A gene, while the far-
red light of 730 nm reversed the red light effect. It is concluded that phytochrome A participates
in the regulation of mitochondrial respiration through effect on SDH expression.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction dehydrogenase complex by photorespiratory ammonia [5] andThe interrelationship between photosynthesis, photorespira-
tion, and mitochondrial respiration is an important cross-talk of
metabolic regulation in green tissues of plants. A common observa-
tion is that CO2 evolution from the mitochondrial respiration is de-
creased under light conditions when the photorespiratory CO2
release becomes predominant [1]. The oxidation of photorespirato-
ry glycine actively involves non-coupled pathways of the
mitochondrial electron transport such as the alternative NADH
and NADPH dehydrogenases and the alternative oxidase [2].
Expression of these oxidoreductases is under control of light via
the phytochrome system [3,4].
Due to the increase of the mitochondrial electron transport
chain (ETC) capacity through the involvement of non-coupled
pathways of electron transport, the mitochondrial glycine metab-
olism does not block completely the oxidation of other NADH-
related substrates. However, the ﬂux through the tricarboxylic
acid cycle (TCA) cycle is reduced signiﬁcantly. The known mecha-
nisms of such reduction include the inhibition of the pyruvatechemical Societies. Published by E
TC, electron transport chain;
inate dehydrogenase; SUR,the reversion of reaction catalyzed by NADP-dependent isocitrate
dehydrogenase with the simultaneous inhibition of NAD-depen-
dent isocitrate dehydrogenase by NADPH [6]. It is known also that
the important point for regulation of the TCA cycle is its direct
association with the ETC at the level of complex II. While in the
conditions of ATP accumulation and of the increase of transmem-
brane potential in the light, a higher engagement of non-coupled
respiration pathways can result in the increased capacity of
the mitochondrial ETC, succinate can only be oxidized by
succinate dehydrogenase (SDH) which acts, at the same time, as
the TCA cycle enzyme and as a component in the complex II of
the ETC.
SDH (EC 1.3.99.1) is located in the inner membrane of mito-
chondria and its activity is connected with the operation of the
ETC, where it functions as a succinate:ubiquinone reductase (SUR
or complex II; EC 1.3.5.1). The complex II of the plant mitochon-
drial ETC contains four peptides common to all eukaryotes, FAD
being tightly bound to the largest subunit SDHA and three Fe/S
clusters associated with the subunit SDHB, and four plant-speciﬁc
subunits [7]. The activity of SDH in plant mitochondria is regulated
by light through the changes of membrane potential, ATP, oxaloac-
etate, and CO2 concentrations [8] but no evidence has been
obtained yet that the complex II could be regulated by light
directly. The complex II is not associated in the respiratory
supercomplex containing complexes I and III [9], so its expressionlsevier B.V. All rights reserved.
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expressed more constitutively, and may resemble the independent
regulation of non-coupled NADH and NADPH dehydrogenases [3]
and the alternative oxidase [4].
The inﬂuence of light can be mediated by the photoreversible
phytochrome system reacting through red (660 nm) and far-red
(730 nm) light and by cryptochromes through blue light of low
intensities. Phytochromes are located in plant chloroplasts, mito-
chondria, cytosol and, upon red light irradiation, are transported
into the nucleus or chloroplasts [10]. Phytochrome-mediated reac-
tions can be based either on gene activation or membrane modiﬁ-
cation. The aim of the present study is to show that light directly
inﬂuences the expression of SDH in leaves of Arabidopsis thaliana
via the phytochrome system. We obtained evidence that phyto-
chrome A is involved in the inhibition of SDH expression and this
can be considered as an important mechanism for regulation of
the mitochondrial respiration in the light.2. Materials and methods
2.1. Materials
Green leaves of 18–20-days old A. thaliana L. plants were used.
The seeds were germinated in soil at 20–22 C and the plants were
transferred to the 12-h light/12-h dark cycle. In the experiments
with long-term illumination, all plant samples were harvested
between 11 and 12 h of the illumination period. During the
experiments, plants were exposed to different intensities of light
(darkness – 0 lmol quanta m2 s1, intermediate – 150 lmol
quanta m2 s1 and high – 300 lmol quanta m2 s1). The light ﬁl-
ters (LOMO, Russia) with a maximum transparence at 660 and
730 nm, respectively, were used for red and far-red irradiation.
The light intensity under these conditions was 0.2 lmol quanta
m2 s1 for 15 min. The actual ratios of red and far-red irradiances
supplied to the plants in these experimentswere20. The inﬂuence
of red and far-red light on the SDH activity was investigated for
three lines of A. thaliana plants: the wild-type (WT CoL-0), the
mutant of the phytochrome A gene (PhyA-201), and the mutant of
the phytochrome B gene (PhyB-1) obtained from the Max-Planck-
Institute of Molecular Plant Physiology (Golm, Germany).
2.2. Isolation of mitochondria and detection of SDH activity
Mitochondria were isolated using a Percoll self-generated gradi-
ent [11]. Five grams of leaves were homogenized in a multipress
MP50 (Braun) for 1 min. The homogenization medium contained
20 mM HEPES (pH 7.2), 350 mM mannitol, 1 mM EDTA, 2 mM cys-
teine, 0.7% PVP, and 0.5 mg ml1 BSA. Rates of respiration were
measured with an oxygen electrode (Yellow Springs Instruments
Co. Inc., USA) at 25 C in 1 ml of the incubation medium, containing
20 mM HEPES (pH 7.2), 350 mM mannitol, 1 mM potassium phos-
phate, 5 mM MgCl2 and approximately 0.5 mg mitochondrial
protein. As a substrate for respiration, 10 mM succinate was sup-
plied along with 0.1 mM ATP to ensure complete activation of
SDH. The SDH activity was determined by a decrease of absorption
at 600 nm, caused by reduction of the artiﬁcial electron acceptor
dichlorophenolindophenol (DCPIP) [12]. The reaction medium con-
tained 30 mM potassium mono/diphosphate (pH 7.8), 1 mM NaN3,
10 mM succinate, 0.1 mM phenazine metasulphate, and 0.008 mM
DCPIP. An aliquot of the resuspended mitochondrial pellet (corre-
sponding to 0.2 mg protein) was used for determination of enzyme
activity. One unit of SDH activity was deﬁned as the amount of
enzyme which reduces 1 lmol DCPIP in 1 min at 25 C. Total
protein concentration was determined using the protein assay
reagent A (Pierce, Rockford, IL, USA).2.3. Preparation of RNA and determination of mRNA content by real-
time PCR analysis
RNA was isolated by the guanidine isothiocyanate method [13].
RNA separation was conducted in 1% agarose gel [14]. Reverse
transcription was catalyzed by the revertase M-MulV (Fermentas,
Lithuania) using oligo-dT primers. Three micrograms of RNA were
used for cDNA synthesis. The cDNA was solubilized in 10 mM Tris–
HCl, pH 8.0, containing 0.1 mM EDTA, and used for the RT-PCR
detection.
PCR primers for sdh1-2 were designed using the program
Primer3 (Biomatters Ltd., New Zealand) and speciﬁc sequences,
obtained from BLAST (NCBI, USA): forward – 50-CAAACGGGT-
CACTTCCAACT-30; reverse – 50-CCAAAACTGTCCCACGTCTT-30. The
primers for the sdh2 gene family were prepared according to [15].
Real-time PCR was conducted on the RT-PCR machine Chromo4
(MJ Research, Bio-Rad, USA) using SYBR Green. The PCR cycle, after
the initial denaturation at 95 C for 5 min, consisted of 20 s dena-
turation at 95 C, 20 s of primers annealing at 57 C, 15 s of elonga-
tion at 72 C, 15 s for detection at 72 C. The cDNA from A. thaliana
leaves from plants incubated in normal light was used as the basic
line. The ﬂuorescence of the elongation factor 1 (EF-a1) gene prod-
uct during RT-PCR was used to normalize the mRNA content in the
samples. All ﬂuorescence measurements were repeated at least 5
times and analyzed by the Bio-Rad software.3. Results
3.1. SDH activity depends on white light intensity
The activity of SDH from green A. thaliana leaves kept in dark-
ness for 24 h (control conditions) was at the level of
0.14 lmol min1 g1 FW. The transfer of plants from darkness to
moderate white light caused a 1.3-fold increase of the SDH activity
during ﬁrst 30 min (Fig. 1A). Then, within the next 2 h, a sharp
reduction of enzyme activity to 50% of the original activity was ob-
served. Subsequently, the enzyme activity remained constant for
72 h of illumination at the level of 0.07 lmol min1 g1 FW. A
similar time pattern was also observed for the rate of succinate
oxidation by mitochondria isolated in darkness and in the course
of illumination (data not shown). The twofold increase of light
intensity resulted in further suppression of SDH activity (Fig. 1A)
from a half to one third of the original activity in darkness resulting
in the value of 0.04 lmol min1 g1.
3.2. Red light participates in the regulation of SDH activity
Irradiation of A. thaliana plants after 24 h darkness by low-en-
ergy red light (660 nm) for 10 min resulted in a gradual decrease
of SDH activity during the consequent dark period. Irradiation by
the far-red light (730 nm) resulted, on contrary, in notable increase
of the SDH activity, the same result was observed when the 10 min
irradiation by far-red light was applied after 10 min irradiation by
red light (Fig. 1B).
The inﬂuence of low-energy red and far-red-light, as mediated
by phytochrome, on SDH in three lines of A. thaliana was carried
out to study a possible participation of phytochrome in the regula-
tion of SDH in green leaves. As shown in Fig. 2A, in wild-type plants
of A. thaliana, the dependence of SDH activity on the treatment by
light of different wavelengths revealed a twofold decrease after
irradiation by red light (660 nm) following 24 h in darkness as
compared to the control (non-irradiated) level. A similar change
(a 4.8-fold decrease) was observed in the A. thaliana mutant
PhyB-1. At the same time, in the line PhyA-201, red light did not
cause any change in the enzyme activity. A reduction of SDH activity
Fig. 1. Succinate dehydrogenase activity in green leaves of A. thaliana. (A) The
activity proﬁle after dark-light transition to the intermediate intensity white
light (150 lmol quanta m2 s1) and to a high intensity white light
(300 lmol quanta m2 s1). (B) The activity following the low-energy irradiation
after 24 h darkness by the red light (660 nm) for 10 min (R), by the far-red light
(730 nm) for 10 min (FR) or by 10 min far-red light applied after 10 min irradiation
by red light (R + FR).
Fig. 2. Succinate dehydrogenase activity (A) and recalculation of mRNA concen-
tration measured by the real-time ampliﬁcation for the genes sdh1-2 (B) and sdh2-3
(C) in green leaves of wild-type and mutants PhyA-201 and PhyB-1 of A. thaliana
after red (R) and far-red (FR) light treatments. Abbreviations: L – 12 h light
treatment (150 lmol quanta m2 s1); D – 24 h darkness treatment; R – 10 min red
light (660 nm) treatment in the middle of darkness period (12 + 12 h); FR – 10 min
far-red light (730 nm) treatment in the middle of darkness; R + FR – 10 min red
light (660 nm) followed by 10 min far-red light (730 nm) in the middle of darkness.
The level of expression in the wild-type plant incubated in the light was set as 1.
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in the enzyme activity in the mutant line PhyA-201 allows the con-
clusion that phytochromeA takes part in the light regulation of SDH.
The inﬂuence of far-red light in all three A. thaliana lines was oppo-
site to the red light effect. Upon irradiation by far-red light, the SDH
activity did not change in the wild-type plants and in the mutant of
the phytochrome A gene. In the mutant line PhyB the activity in-
creased by 2.7 times. The consecutive treatment with red and far-
red light caused a similar effect as far-red light (Fig. 2A). This proved
that far-red light is an antagonist of red light in SDH activation and,
thus, phytochrome is involved in the enzyme modulation.
3.3. Illumination controls mRNA content for the subunits A and B of
SDH
We have analyzed the mRNA levels for genes sdh1-2 and sdh2-3
in leaves of wild-type and phytochrome mutants in response to
different light treatments (Fig. 2B and C). The pattern of SDH activ-
ity (Fig. 2A) was consistent in general with the pattern of expres-
sion of the genes sdh2-3 (Fig. 2C) and to a lesser extent of sdh1-2
(Fig. 2B). The mRNA content for both genes was lower in the PhyA
mutant in far-red light (applied solely or after red light) while in
the PhyB mutant the expression of sdh2-3 was similar to the
expression level in the wild-type. For sdh1-2, the transcript level
was higher in PhyB (not reaching the level of the wild-type) than
in the PhyA mutant. Illumination by white light reduced mRNA
content for both genes in all studied plants while the red-lightsensitivity was observed only for the wild-type plants and PhyB
mutants. PhyA mutants did not exhibit marked changes in the
expression of SDH genes under red or far-red low-intensive light.
4. Discussion
The degree of the TCA cycle inhibition in the light depends on
light intensity, nitrate supply, concentrations of CO2 and O2 [16]
and on species tested and usually is in the range of 15–55% [17]
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cent work [18] Tcherkez et al., by using 13C labeling, showed that
the TCA cycle in the light does not work like a proper cycle but
rather, operates in both the reverse and forward directions to pro-
duce fumarate and glutamate, respectively, with a very negligible
ﬂux through SDH. This could be related to the light regulation of
SDH observed in this study. Previously it was shown that several
genes for enzymes of the TCA cycle including citrate synthase,
aconitase, and NAD-malate dehydrogenase are under control of
red and far-red light [19] and phytochrome A dominates transduc-
tion of red signals during greening [20], however no information
about SDH had been obtained until we received a preliminary evi-
dence that the SDH gene expression can be light-dependent [21].
The present study provides evidence of the involvement of a phy-
tochrome mechanism in the regulation of SDH through its effect on
the expression of genes encoding SDHA and SDHB subunits.
The genes encoding SDHA and SDHB are expressed differen-
tially in ontogenesis [15,22–24]. According to our data, the gene
sdh2-3, in coordination with the sdh1-2 encoding the SDHA sub-
unit, contributes to the synthesis of complex II and to the operation
of mitochondrial electron transport in the light. The comparison of
the pattern of SDH activity changes with corresponding expression
of the genes sdh1-2 and sdh2-3 shows that in fact the observed lev-
els of activity correspond to the expression of genes encoding the
ﬂavoprotein and Fe/S subunits of SDH (Fig. 2). A closer pattern is
observed in the case of the iron–sulfur subunit (the gene sdh2-3).
The inﬂuence of red and far-red light on SDH testiﬁes the partic-
ipation of the phytochrome system in a modulation of the complex
II component of the mitochondrial ETC. This view is further sup-
ported by the absence of red light effects in plants with a mutation
in the phytochrome B gene. We have already excluded a possibility
of light interaction with a ﬂavin or another chromophoric group
bound to SUR by showing that light had no effect on the activity
of the isolated protein complex from maize [25]. The degree of
inhibition of SDH expression and a corresponding decrease in its
activity are comparable to the observed rates of inhibition of the
TCA cycle in the light [1] representing an additional regulatory
mechanism to previously described inhibition of the pyruvate
dehydrogenase complex by photorespiratory ammonia and isoci-
trate dehydrogenase by changes in redox poise. This effect occurs
via phytochrome A and is opposite to the up-regulation of rote-
none-insensitive NAD(P)H dehydrogenases and the alternative
oxidase.
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